Hydrogen reduction conditions of -Fe 2 O 3 particles and surface passivation conditions of metal nanoparticles obtained through a hydrogen reduction process of acicular -Fe 2 O 3 particles and a slow oxidation process in a low oxygen concentration have been studied in order to determine optimum production conditions of acicular magnetic metal nanoparticles utilized for magnetic recording.
Introduction
Acicular particles of -FeOOH which can be used from an initial step of a manufacturing process of dehydration by heating, reduction and slow oxidation are utilized as raw material in the manufacturing process for magnetic recording media. In this case, it is well known that properties of metal nanoparticles for magnetic recording media are determined by how much metal particles keep an original shape ofFeOOH particles.
It is accordingly important to make the particle shape be monodispersal and fine while keeping the acicular shape of -FeOOH particles. Another important factor to limit several properties of magnetic nanoparticles such as magnetic properties, particle size, dispersivity and so forth is also the reduction of acicular -Fe 2 O 3 nanoparticles. Further, from the aspect of the storage for recording information, a corrosion resistance property of magnetic metal nanoparticles is considered to be especially important. A slow oxidation process of reduced metal particles is also considered to affect the corrosion resistance and dispersivity of magnetic metal nanoparticles. The corrosion resistance is considered to be influenced by a thin oxide layer formed on the surfaces of those particles. It is accordingly important to investigate how the slow oxidation condition affects the corrosion resistance of reduced metal particles.
It has been carried out that many studies concerning the reduction property, sintering and magnetic properties of the reduced metal particles through doping the various kinds of metal components into the surface of the acicular -Fe 2 O 3 particles. Giessen et al. 1) reported that magnetic properties can be improved since in the case of absorbing Co 2þ and Ag þ on the oxide surface, the reduction rate at a low temperature becomes large, and in the case of absorbing Sn 2þ on the oxide particle, the reduction rate drops. Sueyoshi et al. [2] [3] [4] [5] reported that the iron particles prepared by reduction of silica-coated hematite particles showed excellent acicular shape and magnetic properties because of a diminished sintering of the iron particles. Ishikawa et al. 6) also reported that the similar experimental results were obtained in the reduction of silica and cobalt coated hematite particles. Miyahara et al. 7) prepared isolated metal particles having smooth surfaces and few micropores with goethite absorbing Nd 3þ and B 3þ , and those particles exhibited high coercivity. Li et al. 8) reported a reduction temperature became higher through a reduction process of -FeOOH particles absorbing boron and any lanthanide.
It is known that silica and alumina prevent sintering powders in the case of a high temperature sintering. It is effective to coat silica and alumina on -Fe 2 O 3 reduced particle surfaces, in order to prevent incorporation in interparticle sintering. The saturation magnetization, however, decreases with increasing the content of silica and alumina, and it is at a disadvantage to use as a magnetic recording material. Accordingly, it is considered that there exist an appropriate content of non-magnetic material such as silica and alumina satisfying both sintering prevention and saturation magnetization. Cobalt is also an effective material to increase the saturation magnetization. Cobalt content in a magnetic particle can be considered to be important since the saturation magnetization exhibits a maximum value in the neighborhood of Fe-30 at%Co in alloy composition according to the Slater-Pauling curve. The reduction condition for Co-Si-Al containing particles which is manufactured by a surface coating treatment has been studied in the present investigation.
The structure and stability of the surface oxide layer composed of metal nanoparticles were intensively investigated to improve a corrosion resistance property. Asada et al. 9, 10) prepared those particles having high corrosion resistance by oxidizing the metal nanoparticles in the toluene solvent and reported that the surface oxide layer was comprised of a spinel type oxide having a thickness of several nanometer. They also reported that iron particles became passive, and the corrosion resistance property of those particles was improved by adding Ru. Tagawa et al. 11) improved the corrosion resistances of iron nanoparticles by annealing those particles which formed the surface oxide layer in nitrogen atmosphere at a temperature of 423 to 673 K. Kishimoto et al. [12] [13] [14] studied the morphology and structure of iron nanoparticles and reported that the magnetic layer having a thickness of 3 nm was composed of ferrimagnetic and super-paramagnetic Fe 3 O 4 components. Those particles were found to be sufficiently stable by conducting several environmental tests.
Stability in a surface oxide layer of metal particles is considered to depend on not only thickness of the oxide layer but the layer structure. According to an oxidizing process in toluene solution, a sufficient stability can not comparatively be obtained since there are a large amount of micropores in the layer structure. It is important to design adequately the layer thickness in consideration of saturation magnetization since the thicker layer causes reduction in saturation magnetization of magnetic particles. Stable oxide layers possessing almost no defect have been investigated by using a vapor oxidation process applied on particle surfaces with a N 2 -O 2 mixture gas.
However, an optimum production condition of magnetic metal nanoparticles has not been found so far though many studies were done. The purpose of the present study is that a production condition necessary for a process for manufacturing acicular magnetic metal nanoparticles utilized for magnetic recording materials is determined, and the experimental data concerning the hydrogen reduction conditions of Co-Si-Al containing -Fe 2 O 3 acicular particles coupled with the surface passivation condition of metal nanoparticles by slow oxidation of the low oxygen content will be reported in the present paper.
Experimental

Sample preparation
Acicular -FeOOH particles were synthesized by aging a colloidal amorphous ferric oxyhydroxide solution which was prepared by neutralizing a FeCl 3 aqueous solution and a NaOH solution [15] [16] [17] [18] [19] [20] [21] at a predetermined temperature, and a sample was made by surface-treating the particles in the following manner, using the acicular -FeOOH particles.
A predetermined amount of acicular -FeOOH particles was weighed, and the particles were dispersed in distilled water to have a -FeOOH slurry. An aqueous solution of Co(NO 3 ) 2 Á6H 2 O was added into an -FeOOH slurry so as to adjust Co concentration to be 12-13 mol% with respect to Fe content in -FeOOH. After this slurry was adjusted to set to pH11.0 with a NaOH solution of 0.75 kmolÁm À3 , it was mixed and agitated for 0.9 ks. Then, a Na 2 SiO 3 aqueous solution was added into the slurry so as to adjust Si content to be 9-10 mol% with respect to Fe content, further, this slurry was adjusted to set to about pH7 with an HNO 3 solution of 0.1 kmolÁm À3 , and it was mixed and agitated for 0.9 ks. Next, an aqueous solution which dissolved a special grade reagent of Al(NO 3 ) 3 Á9H 2 O was added into the slurry so as to adjust Al content to be 7-8 mol% with respect to Fe content, further, this slurry was adjusted to set to about pH10 with an Na 2 CO 3 solution of 0.75 kmolÁm À3 , and it was mixed and agitated for 0.9 ks. The resulting suspension of -FeOOH particles were washed with high purity ion-exchange water. The filtrated cakes of -FeOOH particles were dehydrated in a dryer at 353 K for 12 to 24 h, and they were subsequently ground to powder by a mortar and placed to be samples for further experiments.
Experimental procedure and measurements
A reduction process of -FeOOH was analyzed by TG and DTA. Figure 1 shows TG and temperature curves obtained from the processes of dehydration, reduction and slow oxidation of acicular -FeOOH particles. As shown in Fig. 1 , an experimental procedure was carried out as follows: Powder samples of acicular -FeOOH particles of 35-40 mg were charged in a platinum pan. An alumina powder of 38.4 mg was used as a reference sample for TG and DTA measurements. A high purity N 2 gas was flowed into the reaction system to replace the atmosphere of the system entirely. The temperature of a sample was increased up to 823 K under the nitrogen atmosphere and kept constant at 823 K for 10 min. The acicular -FeOOH particles were dehydrated and transformed into the acicular -Fe 2 O 3 particles by this heating process. Confirming the completion of reactions of dehydration and transformation with signals obtained from the TG and DTA, the temperature of a sample was then either increased or decreased to a predetermined reduction temperature under the flow nitrogen gas. Samples were reduced by an H 2 -Ar mixed gas, using the gas composition of 20-80 mol%H 2 , four kinds of flow rates within the range of 1:67{6:67 Â 10 À6 m 3 (STP)Ás À1 and the reduction temperatures in the range of 743-843 K. The progress of reduction was followed by TG signals. Fractional reduction f was determined by weighing the sample, assuming that the reduction was completed at the point of TG reduction saturated. Fractional reduction f was calculated by eq. (1).
f ¼ fðsample weight at reduction time, tÞ À ð-Fe 2 O 3 sample weight before reductionÞg =fðFe sample weight at saturation point of TG decreasing curveÞ À ð-Fe 2 O 3 sample weight before reductionÞg ð1Þ
When the reduction reaction was completed, the temperature was decreased and the reducing gas was replaced by an N 2 gas. The N 2 gas was replaced by an N 2 -O 2 mixed gas at a predetermined slow oxidation temperature. The slow oxidation of reduced metal particles was carried out, employing a slow oxidation temperature of 315 to 419 K, a flow rate of 1:67 Â 10 À6 m 3 (STP)Ás À1 to 6:67 Â 10 À6 m 3 (STP)Ás À1 and a composition of 0.05 mol%O 2 to 1.0 mol%O 2 . The progress of oxidation was followed by TG analysis. When the N 2 -O 2 mixed gas was introduced into the reaction chamber, the weight of the sample increased, but the weight gain rate decreased gradually. When the weight remained constant was placed and set to the completion of slow oxidation.
Fractional oxidation was determined by weighing the sample, assuming that the oxidation was completed at the point of weight saturation. Fractional oxidation was calculated by eq. (2).
¼ fðsample weight at oxidation time, tÞ À ðFe sample weight before oxidationÞg =fðFe sample weight before oxidationÞ Â ðmolecular weight of Fe 3 O 4 Þ =ðmolecular weight of 3FeÞ À ðFe sample weight before oxidationÞg ð2Þ
JEM-200CX with an accelerating voltage; 200 kV and JEM-4000EX with 400 kV were used for TEM analysis, the bright and dark field images and selected-area electron diffraction patterns of particles were observed. The Co, Si and Al content in the -FeOOH particle was quantitatively analyzed by a fluorescent X-ray method, using the standard samples analyzed by chemical quantitative analysis. The Co, Si and Al content was represented in the form of (Co/Fe) at%, (Si/Fe) at% and (Al/Fe) at% with respect to Fe. TheFeOOH powder was pressurized and shaped in the form of disk to be used as a sample. The magnetic properties of the metal nanoparticles were measured by a V.S.M., and the measurement condition was as follows; the external magnetic field: 1.5 T, the sweep velocity of magnetic field: 150 mTÁmin À1 . In order to investigate the corrosion resistance of those particles, the aging variation of magnetization of those particles under the atmospheric condition of 333 K and 90% RH was measured.
Results and Discussion
Reduction of acicular -Fe 2 O 3 nanoparticles with an
H 2 -Ar mixed gas Prior to the reduction process of the acicular metal particles, dehydration of -FeOOH to form -Fe 2 O 3 was investigated. The dehydration of -FeOOH conducted by heating can be represented in the form of eq. (3).
It is important to minimize the inter-particle sintering and residual pores in -Fe 2 O 3 particles through the process of dehydration, in order to use the raw particles for magnetic recording materials. TG, DTA and DTG curves of -FeOOH particles were shown in Fig. 2 . The -FeOOH particles containing 12.6 at%Co-9.4 at%Si-7.0 at%Al were measured under the condition of 5 Â 10 À6 m 3 (STP)Ás À1 in N 2 gas flow rate and 50 KÁmin À1 in increasing rate. The endothermic reaction of dehydration is tremendous at about 600 K and drops at about 700 K. It is clearly confirmed that the particles dehydrated at more than 700 K is -Fe 2 O 3 through examination with XRD and SAED. According to TEM observations of the prepared particles, it was also found that many dehydrated pores remained in the particles produced at 673 K, and that the inter-particle sintering was remarkably observed among the particles produced at 973 K. Dehydration conducted by heating at 823 K was placed as a condition in this present study since the inter-particle sintering was minimized at 823 K though the dehydrated pores are slightly remained in the particles. Figure 3 shows the morphology and SAED pattern of dehydrated particles. Analytical results of the pattern are also shown in Table 1 . Figure 3(a) shows The effect of gas flow rate depending on the reduction curves is shown in Fig. 5 . The reduction condition is as follows: The composition of reducing gas and the reduction temperature are a 50 mol%H 2 -50 mol%Ar gas mixture and 843 K, respectively. The -Fe 2 O 3 particles containing 12.6 at%Co-9.4 at%Si-7.0 at%Al were used for all of the present reduction experiments. Obviously, the reduction curve in the case of flow rate:
almost coincide with that in the case of flow rate: V ¼ 6:67 Â 10 À6 m 3 (STP)Ás À1 at the initial reduction stage below 2 ks in the figure. It is found that the critical flow rate may be reached within the range of those flow rates. Accordingly, 5 Â 10 À6 m 3 (STP)Ás À1 was used for all of the present experiments as a flow rate.
The effect of reduction temperature depending on the reduction curves is shown in Fig. 6 . The reduction condition: The composition and the flow rate of reducing gas are a 50 mol%H 2 -50 mol%Ar gas mixture and V ¼ 5 Â 10 À6 m 3 (STP)Ás À1 , respectively. Obviously, the reduction rate increases with increasing the reduction temperature.
The effect of composition of reducing gas depending on the reduction curves is shown in Fig. 7 . The reduction condition is as follows: The flow rate of reducing gas and reduction temperature are V ¼ 5 Â 10 À6 m 3 (STP)Ás À1 and 843 K, respectively. Obviously, the reduction rate increases with increasing a hydrogen concentration.
The effects of gas flow rate, the reduction temperature and the composition of reducing gas concerning magnetic properties of the reduced metal particles are shown in Table 2 . In the case of V ¼ 5 Â 10 À6 m 3 (STP)Ás À1 , 843 K and a 50 mol%H 2 -50 mol%Ar gas mixture, a maximum value of coersivity and large magnetization were obtained. Accordingly, the foregoing reduction condition was used for all of the present experiments. The TEM images of reduced metal particles are shown in Fig. 8 in order to compare with the particle shape change with an increase in the fractional reduction. The reduction condition in this case is as follows: The flow rate, the composition of reducing gas and the reduction temperature are V ¼ 5 Â 10 À6 m 3 (STP)Ás À1 , 50 mol%H 2 -50 mol%Ar and 843 K, respectively. The fractional reduction f of reduced particles shown in the figure is (a) 0.153, (b) 0.635, (c) 0.882 or (d) 0.980. The reduced metal particles also retain almost the original shape of raw -Fe 2 O 3 particles. The reduced metal particles have also a major axes length and a minor axes length and an aspect ratio coinciding with the shape of raw -Fe 2 O 3 particle according to the cumulative distribution of particle size in TEM photographs.
According to the SAED patterns, results obtained from the crystal structure of particles produced in the reduction process are summarized in Table 3 . The crystal structures of reduced particles are also changed by increasing fractional reduction. At the initial reduction stage, an -Fe 2 O 3 phase disappears, and a Fe 3 O 4 phase is formed instead. In the reduction process proceeded, an FeO phase forms, the FeO phase disappears subsequently and an Fe phase appears. The Fe 3 O 4 phase, which appears in the subsequent period of reduction, is produced by slowing oxidation of the surface layer of reduced metal particles. In such a manner, the reduction reaction of particles is considered to proceed successively as explained above.
It is understood from the dark field image of TEM that the reduced metal particles consist of either a single crystal or polycrystals. It is also found with the high-resolution TEM image shown in Fig. 9 that the inside of the particles was a reduced dense metal phase in which the crystal growth with neither defect nor pore was sufficiently proceeded.
The morphologies of reduced metal particles in the case of the reduction of surface-treated -Fe 2 O 3 particles or untreated particles are shown in Fig. 10 . Figure 10(a) shows the morphology of reduced metal particles in the case of reduction of surface-treated -Fe 2 O 3 particles containing 12.6 at%Co-9.4 at%Si-7.0 at%Al. The reduction condition in this case is as follows: The flow rate, the composition of reducing gas and the reduction temperature are V ¼ 5 Â 10 À6 m 3 (STP)Ás À1 , 50 mol%H 2 -50 mol%Ar and 823 K, respectively. Figure 10(b) shows the morphology of reduced metal particles in the case of reduction of untreated -Fe 2 O 3 particles. The flow rate, the composition of reducing gas and the reduction temperature are V ¼ 5 Â 10 À6 m 3 (STP)Ás À1 , 50 mol%H 2 -50 mol%Ar and 673 K, respectively.
The effect of the reduction temperature depending on the reduction curves of untreated -Fe 2 O 3 particles is shown in Fig. 11 . The reduction condition: The composition and the flow rate of reducing gas are a 50 mol%H 2 -50 mol%Ar gas mixture and V ¼ 5 Â 10 À6 m 3 (STP)Ás À1 , respectively. The reduction curves of untreated particles were compared with those of surface-treated particles in Fig. 6 . However, the reduction temperature in the case of untreated -Fe 2 O 3 Table 2 Effects of the gas flow rate, reduction temperature and composition of reducing gas on magnetic properties of the reduced metal particles. particles is lower than that in the case of those surface-treated particles, and the reduction in those untreated particles was sufficiently proceeded. According to comparing both cases, using TEM images, it was observed that the inter-particle sintering of reduced metal particles appeared, and the coarser particles grew in the case of untreated -Fe 2 O 3 particles. In comparison to the magnetic properties of reduced metal particles, the saturation magnetization and the coercivity were 148 mWbÁmÁkg À1 and 120.2 kAÁm À1 in the case of surface-treated particles and 161 mWbÁmÁkg À1 and 82.8 kAÁm À1 in the case of untreated particles, respectively. A decline of coercivity in untreated particles may be caused by forming the coarser particles with the inter-particle sintering of reduced metal particles.
In the reduction curves of surface-treated -Fe 2 O 3 particles and untreated -Fe 2 O 3 particles, the rate equation adopted for a topochemical reaction was applied to the relation between fractional reduction f and reduction time t. In the cases of the reduction of surface-treated particles, eq. (4) of an intra-product layer diffusion control was applied to the relation among f , t and apparent rate constant k. 
In the case of the reduction of untreated particles, eq. (5) of an interface chemical reaction control was applied to the relation among f , t and k.
The rate constant was calculated, based on the eqs. (4), (5) . The temperature depending on the reaction rate constant k is shown in Fig. 12 .
In the case of the reduction of surface-treated particles and untreated particles, the activation energies obtained from Arrhenius's equation were 39.15 and 61.83 kJÁmol À1 , respectively. The activation energy of 61.83 kJÁmol À1 in the case of untreated particles is considerably smaller than the value of from 85 to 120 kJÁmol À1 in the case of the reduction of general iron oxide pellets. [22] [23] [24] [25] [26] This value is almost equal to 57 kJÁmol À1 in the case of the reduction of Fe 3 O 4 pellets which is reported by McKewan. 27) It is larger than the activation energy of 39.15 kJÁmol À1 in the case of the reduction of surface-treated particles. This may be caused by a proceeding process of inter-particle sintering. In the case of surface-treated particles, an intra-product layer diffusion control of Co-Si-Al oxide is dominant, and a reduction process may occur, since the shape of precursor particles is retained by Co-Si-Al oxide layer. On the other hand, in the case of untreated particles, an interface chemical reaction control is dominant and the reduction process does not occur, since the shape of precursor particles is retained. Therefore, it is presumed that the shape of reduced particles is broken, the inter-particle sintering occurs, and the coersivity of reduced particles drops markedly.
3.2 Slow oxidation of acicular magnetic metal nanoparticles, using an O 2 -N 2 mixed gas Acicular magnetic metal nanoparticles were obtained, by oxidizing and passivating the surface layer of reduced metal particles using an O 2 -N 2 mixed gas. The condition of slow oxidation in this case was studied.
The effect of gas flow rate on the oxidation curves was investigated. In the region of drastic oxidation below 2 ks, a flow rate reached the critical flow rate at more than V ¼ 5 Â 10 À6 m 3 (STP)Ás À1 . Therefore, the flow rate 5 Â 10 À6 m 3 (STP)Ás À1 was used for all of the present experi- ments. The effect of composition of an oxidizing gas depending on the oxidation curves is shown in Fig. 13 . The oxidation condition: The flow rate of oxidizing gas and the oxidation temperature are V ¼ 5 Â 10 À6 m 3 (STP)Ás À1 and 315 K, respectively. Obviously, the oxidation rate increases with increasing concentration of oxygen. The gas mixture of 0.5 mol%O 2 -99.5 mol%N 2 gas mixture was used as the gas composition for all of the present experiments.
The effect of the oxidation temperature depending on the oxidation curves is shown in Fig. 14 . The oxidation condition: The composition and the flow rate of reducing gas are a gas mixture of 0.5 mol%O 2 -99.5 mol%N 2 and V ¼ 5 Â 10 À6 m 3 (STP)Ás À1 , respectively. Obviously, the oxidation rate increases with increasing an oxidation temperature. The effect of gas flow rate, the oxidation temperature and the composition of oxidizing gas depending on the magnetic properties of metal particles are shown in Table 4 . In the case of V ¼ 5 Â 10 À6 m 3 (STP)Ás À1 , 315 K and a gas mixture of 0.5 mol%O 2 -99.5 mol%N 2 , the maximum value of coersivity and the large magnetization were obtained. Therefore, the oxidation condition was used for all of the present experiments.
In the oxidation curves shown in Fig. 14 , the interface chemical reaction control as expressed in eq. (6) was applied to the relation among fractional oxidation , oxidation time t and apparent rate constant k.
The rate constant was calculated, based on the eq. (6). The temperature dependence of reaction rate constant k is shown in Fig. 15 . The activation energy obtained, based on Arrhenius's equation was 4.76 kJÁmol À1 . This activation energy of oxidation of reduced metal nanoparticles was remarkably small. This may be caused by the fact that the oxidation reaction of reduced metal nanoparticles is greatly accelerated because of the large surface area and the active surface of those particles.
TEM images and SAED patterns of the surface oxide layer of magnetic metal particles were shown in Fig. 16 . Analytical results of those patterns are also shown in Table 5 . The oxidation condition in this case is provided below. The oxidation temperature, the flow rate and the composition of oxidizing gas are 315 K, V ¼ 5 Â 10 À6 m 3 (STP)Ás À1 and a gas mixture of 0.5 mol%O 2 -99.5 mol%N 2 , respectively. Table 4 Effects of the gas flow rate, the oxidation temperature and the composition of oxidizing gas on magnetic properties of the metal particles. Fig. 15 Temperature dependence of the reaction rate constants, k.
According to Fig. 16(a) , the surface structure in which the metallic cores inside the acicular magnetic metal nanoparticles were covered by surface oxide layers was formed. According to Fig. 16(b) , the central area of metallic cores was -Fe, and the surface oxide layer was composed of a spinel structure of Fe 3 O 4 . Neither FeO or -Fe 2 O 3 was detected. The metallic cores are entirely covered by surface oxide layers, and the crystal defects; pore, so forth did not exist, the dense crystal was sufficiently grown inside the surface oxide layer. The thickness of surface oxide layers became larger with increasing the temperature of slow oxidation. Thickness of 3, 4 and 5 nm were obtained at 315, 372 and 419 K, respectively. It may be considered that the corrosion resistance of metal nanoparticles increases with increasing the thickness. The corrosion resistance of magnetic metal particles was evaluated by measuring the magnetization reduction of those particles under the condition of 333 K and 90% RH atmosphere. The effect of oxygen concentration of oxidizing gas in the slow oxidation on the reduction ratio of magnetization Á' s of magnetic metal particles is shown in Fig. 17 . The oxidation condition: The flow rate of oxidizing gas and the oxidation temperature were V ¼ 5 Â 10 À6 m 3 (STP)Ás À1 and 315 K, respectively. The reduction ratio Á' s becomes larger with increasing the aging time in the figure. The reduction ratio Á' s shows a tendency in which Á' s becomes smaller with increasing the oxygen concentration of oxidizing gas. The thickness of surface oxide layer in metal nanoparticles increases with increasing oxygen concentration, and the corrosion resistance is improved with increasing the thicknesses of the surface oxide layer. Consequently, the reduction ratio of magnetization is considered to be small. In an initial step of aging, the value of Á' s changes from increasing to decreasing, and the saturation magnetization results in a slight increase by several %. When those results were obtained in the oxidizing condition of the low oxygen concentration, those may occur in the case of a thinner thickness of the oxide layer formed on the surface of metal nanoparticles. Those are considered to be caused by a structure change from the nonmagnetic substance to the magnetic substance in the process for forming iron rust on the surface of metal nanoparticles. The effect of oxidation temperature in the slow oxidation depending on the reduction ratio of magnetization Á' s of magnetic metal particles is shown similarly in Fig. 18 . The oxidation condition: the flow rate and the composition of oxidizing gas are V ¼ 5 Â 10 À6 m 3 (STP)Ás À1 and a gas mixture of 0.5 mol%O 2 -99.5 mol%N 2 , respectively. In the figure, the reduction ratio Á' s also increases with increasing the aging time. The reduction ratio Á' s decreases with increasing the oxidation temperature in the slow oxidation. According to TEM observations, the corrosion resistance is considered to increase with increasing the thicknesses of the surface oxide layer, since the thicknesses increases with increasing the oxidation temperatures in the metal nanoparticles. On the other hand, though the flow rate depending on the reduction ratio Á' s was not clear, it was understood that the reduction rate Á' s of saturation magnetization was possible to be controlled to below 10%, and the magnetic metal particles possessed an excellent corrosion resistance property in the slow oxidation condition of this study. 
Conclusions
Hydrogen reduction conditions of -Fe 2 O 3 particles and surface passivation conditions of metal nanoparticles obtained through a hydrogen reduction process of acicularFe 2 O 3 particles and a slow oxidation process in a low oxygen concentration have been studied in order to determine optimum production conditions of acicular magnetic metal nanoparticles utilized for magnetic recording.
(1) Acicular magnetic metal nanoparticles were produced using the surface-treated acicular -FeOOH nanoparticles containing 12.6 at%Co-9.4 at%Si-7.0 at%Al under the following production condition: the dehydration of -FeOOH particles by a heating process at 823 K, a flow rate of V ¼ 5 Â 10 À6 m 3 (STP)Ás À1 , the reducing gas composition of 50 mol%H 2 -50 mol%Ar and a reduction temperature of 823 K. The reduced metal particles composed of a single crystal or poly-crystals. There was neither defect nor pore inside the particles, and there was present a dense reduced metal phase in which the crystal growth of those cores was sufficiently proceeded.
(2) The surface oxide layers of metal particles formed by slow oxidation disclosed a spinel structure of Fe 3 O 4 . The entire metal core was totally covered by a surface oxide layer, there was neither crystal defect nor pore, and the dense crystal was sufficiently grown inside the surface oxide layer. The thickness of a surface oxide layer increased with increasing the temperature of slow oxidation. It is considered that the corrosion resistance of metal nanoparticles is improved since the surface oxide layer on the surface of metal nanoparticles becomes thicker with increasing the oxidation temperature. (3) Acicular Magnetic metal nanoparticles possessing an excellent corrosion resistance property were possible to be produced under the oxidation condition as follows: an oxidation temperature of 338 K, a flow rate of V ¼ 5 Â 10 À6 m 3 (STP)Ás À1 and the composition of oxidizing gas in terms of a gas mixture of 0.5 mol%O 2 -99.5 mol%N 2 . 
